Abstract-A 30-wireless fast-scan cyclic voltammetry monitoring integrated circuit for ultra-wideband (UWB) transmission of dopamine release events in freely-behaving small animals is presented. On-chip integration of analog background subtraction and UWB telemetry yields a 32-fold increase in resolution versus standard Nyquist-rate conversion alone, near a four-fold decrease in the volume of uplink data versus single-bit, third-order, delta-sigma modulation, and more than a 20-fold reduction in transmit power versus narrowband transmission for low data rates. The 1.5-chip, which was fabricated in 65-nm CMOS technology, consists of a low-noise potentiostat frontend, a two-step analog-to-digital converter (ADC), and an impulse-radio UWB transmitter (TX). The duty-cycled frontend and ADC/UWB-TX blocks draw 4 and 15 from 3-V and 1.2-V supplies, respectively. The chip achieves an input-referred current noise of 92
voltammetry (FSCV) has become the most widely used electrochemical method for studying the intricate relationship between brain dopamine release and behavior [3] . With its subsecond temporal resolution and high chemical selectivity, it is the preferred technique for monitoring rapid changes in dopamine concentration levels in ambulatory subjects during brain-behavior studies [4] .
Recent technological advances have enabled miniaturized devices that can achieve stress-free, wireless FSCV monitoring of dopamine release in freely-moving small animals [5] , [6] . The main drawback of these battery-operated systems is their limited power budget. Resolving wide-range neurochemical signals with high chemical and temporal resolution mandates high-precision conversions and high sampling rates, and thus, high wireless transmission data rates, which considerably decrease battery life. Long-term monitoring in complex, enriched environments is a promising research direction in behavioral neuroscience that can provide further insights into behaviors such as social interaction and reward-based learning [7] , [8] . To enable these long-term behavioral studies, wireless FSCV systems must implement energy-efficient data acquisition and wireless transmission schemes that meet the stringent dynamic range requirements of FSCV with minimal power.
In FSCV, the electrode potential is scanned periodically with a triangular waveform, and the resulting current is measured. One drawback of the technique is the fact that the small ( ) redox current indicating dopamine concentration is buried by the large ( ) background current produced due to the charging of the double-layer capacitance of the electrode-electrolyte interface [4] . Recent wireless FSCV microsystems have overcome this limitation by using high-order delta-sigma ( ) modulation to acquire the full span of the background with reduced in-band quantization noise at the expense of increased wireless data transmission rates [9] [10] [11] . Since the background has been proven to be stable over several hundred scans [12] , these systems waste a significant fraction of their limited power budget repeatedly resolving and transmitting the same background information over consecutive scans. In theory, these systems can achieve the same dynamic range at lower data rates by systematically removing the redundant background before transmission.
This paper reports an ultra-low-power wireless FSCV monitoring IC that directly extracts and transmits only the relevant background-subtracted redox current, i.e., the dopamine signal. The chip achieves a dynamic range that is still within the same order of magnitude as that of state-of-the-art wireless FSCV sensing microsystems albeit at a fraction of the power. Two key insights enable the improved performance. First, we introduce a novel analog-to-digital converter (ADC) architecture that leverages the fact that the background is a periodic signal with a known quantization error, to increase the dynamic range without noise shaping. The two-step cyclic ADC achieves an extended dynamic range by performing real-time analog and digital background subtraction on-chip. By removing the background before transmission, the data rate requirement of the transmitter (TX) is also reduced. Second, we make use of a duty-cycled impulse-radio ultra-wideband (IR-UWB) TX, with power directly proportional to the data rate, which takes advantage of the reduced data rate to achieve wireless transmission with minimal power consumption.
The remainder of this paper is organized as follows: Section II describes how analog background subtraction increases the dynamic range while decreasing the data rate. Section III introduces duty-cycled UWB telemetry as a low-power alternative for short-range, low-data-rate monitoring applications. Section IV presents the architecture of the wireless FSCV IC. Section V details the implementation of the key circuit blocks. Section VI reports detailed experimental measurement results. Section VII provides a noise analysis of the sensing interface.
II. ANALOG BACKGROUND SUBTRACTION
In 300-V/s FSCV at a carbon-fiber microelectrode (CFM), a periodic sequence of 10-ms triangle waveforms is applied to the electrode every , as illustrated in Fig. 1 . In the absence of dopamine, the total input current is equal to the background current. In the presence of dopamine, the total input current is the sum of the background current and a time-dependent dopamine signal. Because the background is stable immediately before and after dopamine release, it can be modeled as a periodic signal with period , for which
Using (1) and assuming dopamine release occurs at , the input current collected on the scan is given by (2) where is the time-dependent dopamine signal on the scan. Conversion of using an -bit ADC yields a quantized signal with a quantization error given by (3) where is the quantization operator, and has a quantization width , where is the ADC's full-scale range. Typically, numerical background subtraction in software is used to recover the dopamine signal. In this case, a copy of the background current acquired just before dopamine release ( ) is subtracted from the total current acquired during dopamine Fig. 1 . Dopamine detection using fast-scan cyclic voltammetry (FSCV) at a carbon-fiber microelectrode (CFM). For simplicity, a sinusoidal model with time-varying amplitude is used for the input current collected from the CFM.
detection (
). Thus, for , the output after numerical background subtraction can be written as (4) Applying (2) and (3) to (4) yields (5) where has a quantization width given by (6) where is the maximum amplitude of the input current , which also spans the full-scale range of the ADC. Equation (6) implies that accurate measurement of the very small dopamine signal requires a high-resolution -bit ADC, where is large. This is true even though many of the most significant bits are wasted on resolving the ever-present background signal that contains no new information. The need for a high-resolution ADC drives up the power budget for such systems.
Several techniques such as analog offset compensation [13] , analog filtering [14] , and analog background subtraction [15] , have been proposed to reduce the magnitude of the background before conversion and thus increase the dynamic range of the ADC. Because the actual background is a nonlinear waveform, linear techniques such as offset compensation and filtering only achieve partial removal of the background. To circumvent this limitation, we present an analog background subtraction technique that performs coarse and fine quantization of the dopamine-free background signal over two consecutive FSCV scans. A key distinction of our work is that we subtract not just the periodic background signal but also its periodic quantization error. Subtraction of the latter signal is not possible in [15] due to the use of a high-resolution ADC with a quantization step size just above the uncorrelated noise of the system. Our implementation allows us to use a much lower resolution ADC and resolve a smaller number of significant bits by design, thus saving power in the TX. In our work, we restrict analog background subtraction to less than 40 seconds to minimize the distortion due to the drift of the background over extended timescales. This means that every 400 scans we repeat background acquisition and begin measuring the relative changes from that point in time. These can be recalibrated with respect to the initial current using the voltammograms measured just before the new background signal was acquired. As illustrated in Figs. 2 and 3, during the first scan ( ), a coarse copy of the background signal is digitized and stored in memory [solid blue line in Fig. 2(a) ]. During the second scan ( ), this coarse background copy is subtracted from a second background signal [dashed blue line in Fig. 2(a) ] in the analog domain to recover the periodic quantization error of the background [ Fig. 2(b) ], which is quantized and stored in memory . The sum of these two stored signals (coarse background + fine quantization error) is used to reconstruct a high-resolution background copy using a low-resolution ADC. This high-resolution copy is subsequently subtracted from the input signal during dopamine detection ( ) to recover the dopamine signal [ Fig. 2 (c)-(e)]. Thus, for , the output after analog background subtraction can be written as (7) where is the gain of the rail-to-rail amplifier block in Fig. 3 needed to scale the background-subtracted residues [ Fig. 2(b) and (d)] to span the ADC full-scale range. Choosing , and applying (2) and (3) to (7) yields (8) where has a width given by (9) Comparing (6) and (9) reveals analog background subtraction provides additional bits of resolution for the same -bit conversion. This increase in resolution compares favorably to that achieved through modulation, which roughly provides additional bits of resolution, where is the modulator's order, for each doubling of the oversampling ratio . To achieve a dynamic range of bits, where is large, a single-bit modulator requires an given by (10) Plugging and for the values used in this work and for the third-order modulator in [10] into (10) yields an of 32. This result indicates that even with the use of a high-order modulator, which increases design complexity and power consumption, a third-order ADC still requires 32 the sampling rate of the Nyquist ADC used in this work given the same dynamic range requirement. The reduced sampling rate in our work relaxes the wireless data rate requirement as follows. In a Nyquist ADC, the serialized unencoded data rate is given by (11) where is number of bits per sample, and is the Nyquist sampling rate. In an oversampling ADC, the undecimated unencoded data rate is given by (12) In [9] [10] [11] , the unencoded data rate of the transmitter is equal to the undecimated data rate of the modulator because the decimation filter is implemented on the receiver side due to its complexity, area and power. Comparing (11) and (12) with and reveals the ADC in this work yields a 3.5 reduction in the wireless data transmission rate compared to the ADC in [10] . Assuming a wireless link with power directly proportional to the data rate, such as in a duty-cycled IR-UWB TX, this reduction also yields a 3.5 decrease in transmit power, the main component of the power budget in low-power wireless sensing systems.
III. UWB TELEMETRY
There has been considerable interest in high-data-rate UWB telemetry for biomedical applications requiring short-range, low-power wireless transmission. The inherent wide-spectrum ( ) of UWB signals provides the bandwidth needed for multi-channel recording at high data rates [16] , [17] . In fact, a high-data-rate IR-UWB-based transmission of in vitro FSCV measurements was recently demonstrated in [18] . UWB telemetry also offers numerous advantages for low-data-rate, energy-starved monitoring applications. The short duration of IR-UWB pulses ( ) allows aggressive duty-cycling of the wireless link between consecutive pulses to achieve substantial power savings. In [19] , we demonstrated duty-cycled IR-UWB radios consume considerably less power compared to narrowband systems at low data rates. This is because average power in a duty-cycled IR-UWB TX is linearly proportional to the data rate , as given approximately by (13) where is the energy efficiency (or energy per pulse), and is a constant representing leakage and overhead power. Equation (13) suggests that for energy efficiencies in the order of 100 pJ/pulse, duty-cycled IR-UWB transmitters operating at a data rate of 100 kbps consume a few tens of microwatts, compared to the milliwatt power consumption of the narrowband systems in [9] [10] [11] . This orders-of-magnitude reduction in TX power associated with duty-cycled IR-UWB telemetry is critical to enable long-term brain-behavior studies. IV. SYSTEM ARCHITECTURE As noted in the introduction, the key insight of this paper is the combination of a transmitter topology for which the power consumption depends linearly upon the transmit data rate, and a data minimizing ADC that eliminates redundant background signals by design. Together, these two elements yield the low-power wireless FSCV microsystem depicted in Fig. 3 , which operates as follows. A sequence of 300-V/s, 10-Hz FSCV scans generated off-chip is applied to a CFM via a low-noise potentiostat that also performs current-to-voltage ( ) conversion. A 9-bit two-step cyclic Nyquist ADC performs analog background subtraction, as described in Section II, to directly resolve the dopamine signal during each 10-ms scan at 10-kS/s conversion rate. The core of the ADC is a switched-capacitor-based multiplying digital-to-analog (D/A) converter (MDAC), which achieves a high linearity by combining input sampling, D/A conversion, analog subtraction, and residue amplification into a single all-in-one block. As described in Section II, memories and are used to store the coarse and fine background copies during background acquisition. Both of the stored signals are subtracted from the input signal during dopamine detection to yield the background-subtracted dopamine signal. A stop bit is added to each 9-bit sampled data to form a 10-bit word that is then serialized at a data rate of 100 kbps. The serialized bit-stream is encoded at the IR-UWB TX into FCC-compliant pulses that are wirelessly transmitted via an off-chip surface mount UWB antenna to an external IR-UWB receiver (RX), previously demonstrated in [20] , which achieves robust synchronization through a novel pulse-coupled oscillator scheme developed in [21] . Fig. 4 shows the schematic diagram of the low-noise potentiostat used in this work. The circuit is based on the current-mirror-based potentiostat described in [22] for a two-electrode electrochemical sensor. A two-electrode system is used in this work because the small currents involved in 300-V/s FSCV at a CFM produce a negligible ohmic drop that does not affect the reference electrode (RE) [23] . The potentiostat is a regulated common-gate (RCG) stage, also known as a regulated cascode amplifier (RCA) [24] , consisting of a high-gain differential amplifier and transistor . The negative feedback loop in the RCG stage serves a three-fold purpose. First, it ensures that the potential of the working electrode (WE) is identical to the potential . Second, it reduces the input resistance of by the gain of the amplifier, ensuring that all of the input current collected from the sensor is buffered to the drain of . Third, it increases the output resistance of by the amplifier's gain, ensuring that all of the buffered current is mirrored by an active current mirror onto resistor to produce a voltage that is fed to the input of the ADC.
V. CIRCUIT IMPLEMENTATION

A. Low-Noise Potentiostat
A transimpedance gain of 1 is used, followed by a unity-gain output buffer, which decreases the output resistance of the potentiostat. A single-stage, folded-cascode amplifier with a simulated open-loop gain of 50 dB and 3-dB bandwidth of 10 kHz is used for both the RCG feedback amplifier and the output buffer in the potentiostat. The RCG feedback amplifier draws 2 from a 3-V supply. The output buffer draws 10 during each 10-ms FSCV scan and is turned off for the 90-ms resting period between scans to save power. Thus, the duty-cycled buffer draws 1 from a 3-V supply. Duty cycling of the RCG amplifier is not possible as this block must stay active during the resting period to maintain the electrode potential at its resting value. A bias current is also used to allow the measurement of bidirectional redox currents [25] .
B. Two-Step Cyclic ADC
As noted above, a key design element of this architecture is a two-step cyclic ADC, which is based upon a 1.2-V, 10-kS/s, 9-bit successive-approximation-register (SAR) ADC, depicted in Fig. 5 , and two 100 9-bit, 6T-SRAM modules with their corresponding timing logic. As illustrated in Fig. 3 , the core ADC samples the background signal and stores a copy in . This quantized signal is then reproduced via a DAC and subtracted from a subsequent scan to form a residue. This signal is amplified to generate a periodic quantization error signal which is stored in . This step is distinct from previous work by [15] , and was first proposed by the authors in [26] . Together, these two signals form a high-fidelity background copy. The binary-weighted capacitor array of the SAR-ADC is laid out in a 1-D common-centroid geometry with a unit capacitance value of 62.5 fF for noise considerations as well as to mitigate offset and gain errors due to capacitor mismatch and charge injection. Fig. 6 shows a circuit diagram of the 1.2-V, 10-kS/s, 9-bit, switched-capacitor MDAC block with offset cancellation. The MDAC uses an identical copy of the capacitor array in the SAR-ADC. A two-stage folded-cascode operational amplifier (opamp) with simulated open-loop gain of 77 dB, unity-gain bandwidth of 3 MHz and phase margin of 65 is used as the residue amplifier. The op-amp draws 21 from a 1.2-V supply but is duty-cycled to draw an average current of 2 . Reference voltages and are set to 1.2 V and 0 V, respectively, to yield a full-scale range that spans the entire supply. The MDAC uses offset binary encoding to avoid bootstrapping and enable low-power operation from a 1.2-V supply. In this encoding scheme, the MSB (D8) of the data stored in simultaneously controls which reference gets selected and performs the necessary bit negation of the LSBs (D7-D0). Fig. 7 shows the timing diagram of the core ADC. A hundred samples are acquired at a sampling rate of 10 kHz during each 10-ms FSCV scan. Each 100-conversion consists of a 10-input sample-and-hold (S/H) phase ( ) and a 90-residue-amplification phase ( ) to accommodate the op-amp settling times during each of the phases. During the input S/H phase, the capacitor array samples the input while the feedback capacitor samples the offset of the amplifier. During the second phase, the LSBs of the data stored in decide whether each capacitor in the array is connected to the MSB-selected reference or to mid-scale. The ratio between the sampling and feedback capacitances yields a residue amplification closed-loop gain of in this phase.
C. IR-UWB Transmitter
The other critical design element to enable low power operation is the UWB transmitter. Fig. 8 (left) shows a schematic diagram of the duty-cycled IR-UWB TX implemented in this work. The topology is a modified version of the architecture in [27] with a unique digital tuning scheme. The TX block is comprised of an LC-tank voltage-controlled oscillator (VCO) and a class-C power amplifier (PA). An LC-tank oscillator is used over a ring oscillator for superior frequency stability and spectral purity. The design uses two 500-MHz sub-bands in the unlicensed 3.1-10.6 GHz UWB spectrum to transmit two types of pulses: synchronization (sync) pulses required for receiver synchronization, and data pulses, which are sent on separate 3.5 and 4.5 GHz channels, respectively, to improve interband isolation on the receiver side. On each rising and falling edge of the clock, a pulse generator outputs an enable signal that turns on the LC-tank oscillator for a brief duration to produce short wavelet pulses. As illustrated in Fig. 8 (right) , sync pulses are sent on every positive edge of the clock, while data pulses are transmitted on the negative edge of the clock using an on-off-keying (OOK) encoding scheme. Triangular pulse-shaping is implemented with a simple charge-pump-based envelope generator to improve the spectral efficiency and to reduce the cross-talk between the two bands. Fig. 9 shows a micrograph of the IC, which was fabricated in TSMC 65-nm CMOS process. The chip occupies 1.5 mm 1.0 mm, including the bondpads. The measured average power consumption is 30 . The sensing interface, i.e., potentiostat and ADC, consumes 14. 4 . The IR-UWB TX consumes 15.6 , which compares favorably against that of the IR-UWB TX reported in [18] , which consumes from 1.2 V at 625 kHz and was implemented in a 90-nm CMOS node. The chip was packaged and assembled on a miniature PCB substrate with a few external components for ultra-low-power supply, bias, clock and triangle waveform generation. Fig. 10 illustrates the miniaturized wireless device, which draws a total average current of only 48 from a 3-V coin-cell battery. The triangle waveform generator was implemented off-chip for simplicity since the circuit required external RC integration and output filters in the first place. The block had a negligible contribution to the power budget of the miniaturized device due to the use of a 1.8-V, 700-nA COTS op-amp. The device measures 4.7 cm 1.9 cm and weighs 4.3 g (including the battery and antenna), and thus can be carried by small animals. Table I summarizes the measured performance of the main circuit blocks of the fabricated chip. Table II compares the performance of the chip against that of recently published wireless FSCV monitoring microsystems.
VI. MEASUREMENT RESULTS
A. Device Characterization
As described in Section II, the core ADC does not digitize absolute input currents but rather resolves directly small input current differences relative to an arbitrary baseline current. To test the static linearity of the potentiostat and the core ADC, the input current was swept linearly in the range of in steps of 50 pA relative to a DC offset baseline current using a Keithley Fig. 11 shows the measured output current for positive and negative baseline-subtracted input currents ranging from 50 pA to 10 nA. The distortion at was measured to be of the input range, and was found to be dominated by amplifier saturation. Thus, it could be accurately modeled with a simple hyperbolic tangent fit. A one-time calibration procedure using the inverse of this fit was performed offline during post processing to further reduce the distortion for all input currents in the range of to . Fig. 12 (top) shows the measured ADC output spectrum for a 100-Hz sinusoidal input signal, from which ENOB values of 5.95 and 10.95 bits were calculated before and after analog background subtraction, respectively. As seen in Fig. 12 (bottom), the ADC exhibits minimal distortion with .
B. Device Validation
For device validation with in vitro detection of dopamine, carbon fiber microelectrodes (CFMs) were fabricated as previously described in [15] . An individual carbon fiber with a 5-diameter was aspirated into a 1.8-mm glass capillary, which was heated and pulled on a micropipette puller. The exposed carbon fiber was cut to a length of under a microscope. Before use, the CFM was boiled in acetone and soaked in isopropanol purified with activated carbon for 15 minutes to remove surface impurities. The electrode was backfilled with a 150 mM KCl solution to promote electrical conduction between the CFM and a chlorinated silver wire inserted into the open end of the capillary. An Ag/AgCl electrode was used for the reference electrode. An in-house flow injection analysis apparatus was used to validate the chip. The CFM and reference electrode were positioned at the inlet of a flow cell reservoir connected to the outlet of a two-position, six-port sample injector. All experiments were done in a buffer solution mimicking physiological ion concentrations. The buffer solution contained 140 mM NaCl, 5 mM KCl, 2.5 mM , 1 mM , and 10 mM HEPES. NaOH was added to adjust the pH to 7.3. A 100 mM stock solution of dopamine, prepared on the same day of the experiments, was diluted in buffer solution to achieve concentration levels of 250 nM, 500 nM, and 1 . A syringe pump was used to introduce the buffer to the CFM at a flow rate of 1 mL/min. Before recording, consecutive 300-V/s, 10-Hz FSCV scans were applied to the CFM for 20 minutes to stabilize the electrode. The electrode voltage was swept from a resting value of to a peak value of and back to its resting value in each scan. During recording, the sample injector was used to introduce a bolus of dopamine to the CFM. Background-subtracted dopamine signals were wirelessly recorded for all three concentrations. The CFM was kept immersed in the buffer solution during the entire recording session. Fig. 13 illustrates a background-subtracted voltammogram (average of 10 scans) obtained from a wireless recording of flow injection of dopamine with a concentration level of 1 . The peak currents around and versus Ag/AgCl correspond to dopamine oxidation and reduction, respectively. Fig. 14 illustrates the time course of the wirelessly-recorded dopamine oxidation current at (arrow in Fig. 13 ) after injection of a 250-, 15-second bolus of 1 dopamine solution at . The time course of the current reflects the dopamine concentration at the CFM. The slow decay at the end of dopamine injection is due to dopamine adsorption at the surface of the electrode, which decreases the response time. The strange dip observed around 15-20 seconds is an artifact that we believe was caused by small fluid perturbations at the inlet of the flow cell. Fig. 15 shows the calibration curve depicting measured dopamine oxidation current versus concentration. The data represent the mean of two independent wireless measurements for each concentration. In each trial, the mean is the average of 20 consecutive oxidation peaks starting at 8 seconds. The concentration dependence is linear with a sensitivity of 8.6
. All eight (8) in vitro measurements were wirelessly transmitted and recorded at the receiver.
C. UWB Measurement Results
Fig . 16 illustrates the measured performance of the UWB transmitter. Fig. 16(a) depicts the measured output spectrum of the synchronization (sync) and data pulses at a pulse repetition rate of 100 kHz. Fig. 16(b) illustrates the measured transmitted time-domain sync pulse signal with triangular pulse shaping. Fig. 16(c) shows TX and RX timing signals indicating that the receiver can remain synchronized for at least up to 200 million cycles. Fig. 16(d) shows the position of the prototype TX and RX antennas used for the wireless FSCV experiments, which were carried out inside a grounded Faraday cage to minimize electrical interference. The antennas were separated by a distance of 0.6 m while still achieving a bit error rate (BER) better than 5 .
VII. NOISE ANALYSIS
In this section we present a noise analysis of the major noise contributors of the wireless FSCV system. For simplicity, we ignore the ADC's quantization noise as it is much smaller than the noise that appears at the input of the ADC during dopamine detection, which is predominantly input noise amplified by the potentiostat and MDAC stages. Fig. 17 shows a circuit diagram of the sensing interface, i.e., potentiostat and MDAC, interfaced to the CFM. The CFM is modeled with a simplified Randles circuit comprised of the solution resistance in series with the parallel combination of the charge-transfer resistance and double-layer capacitance of the CFM. For the 150-CFM utilized in this work, values of , , and were found to closely mimic the electrode's response during flow injection analysis, respectively. The circuit in Fig. 17 has five dominant thermal noise sources: , , and , the equivalent input noise voltages of amplifiers , , and op-amp , respectively; and and , the noise currents of the solution resistance and the 
where is the Boltzmann constant, is the absolute temperature, is the thermal noise coefficient for long-channel devices, and are the transconductances of the input and bias transistors of the amplifiers, respectively, and is the transconductance of the current mirror transistors. We neglect noise in (14a)-(14d) due to the use of long channel lengths, i.e., 40 . Neglecting channel-length modulation and body effect, and assuming all noise sources are uncorrelated, the output noise spectral density can be derived as (15)
where , , , and is the inverse of the op-amp's unity-gain bandwidth. In the derivation of (15), we have assumed is a wideband single-stage amplifier with a time constant , and a high openloop gain. Integrating (15) across , as derived in [28] , and dividing by yields the total input-referred noise current, given by (16) . Applying (14) to (16) , plugging design values and taking the square root yields an input noise current in a 2-kHz bandwidth. This value is in excellent agreement with the measured value , which is within the same order of magnitude as those reported in Table II . The last term in (16) , which represents the reset noise of the MDAC op-amp, is the limiting factor degrading noise performance due to the small required to achieve a fast settling time of 10 during the input S/H phase ( ). Reducing the op-amp's unity-gain bandwidth is critical to improve the overall noise performance of the system. One way to achieve this goal is to redesign the MDAC block in a future design such that .
VIII. CONCLUSION
This paper reported an integrated wireless FSCV microsystem that combines analog background subtraction with UWB telemetry to achieve ultra-low-power, low-data-rate wireless transmission of high-precision FSCV measurements without loss of salient data. On-chip integration of these two techniques yielded a 32-fold increase in resolution versus standard Nyquist-rate conversion alone and near a four-fold decrease in the volume of uplink data versus single-bit, third-order, modulation, and more than a 20-fold reduction in transmit power versus narrowband transmission at reduced data rates. The microsystem was also validated with wirelessly-recorded flow-injection analysis experiments, and for the first time, IR-UWB telemetry in an experimental FSCV recording paradigm other than a single recording in saline [18] was demonstrated. A lightweight miniaturized device that can enable long-term monitoring studies in freely-behaving small animals was also reported. The device can operate from a single 3-V, 30-mAh coin cell battery for several weeks. To the best of the authors' knowledge, the chip and miniaturized device presented in this work achieve the lowest power consumption among recently reported wireless FSCV sensing microsystems. Implementing the design in 65-nm technology offered a clear advantage in terms of power savings versus 0.35 designs. Since dynamic power scales according to , it is evident that the reduced supply voltage played a major role in achieving the low power figures reported. Similarly, the reduced feature size allowed the integration of on-chip memory with minimal area and power. In addition, the reduced clock frequency due to use of Nyquist-based analog background subtraction over modulation was equally instrumental to the reduced power. A recent publication showed the overall power consumption can be reduced further, by an order of magnitude, by decreasing the scan repetition rate in FSCV from 10 Hz to 1 Hz [29] . Although this approach reduces the amount of data transmitted by a factor of 10 , it also reduces the total number of samples recorded by the same amount. Typically, in 10-Hz FSCV, data from 10 consecutive FSCV scans are averaged when producing the time course of dopamine. Lowering the repetition rate will similarly decrease the signal-to-noise ratio by a factor of . Finally, we note that modulation is, in fact, compatible with analog background subtraction, and that integration of both techniques into a single hybrid converter can further increase the overall dynamic range of either system.
